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Protein—protein interactions play key roles in protein function and the structural organization of a cell. A thorough
description of these interactions should facilitate elucidation of cellular activities, targeted-drug design, and whole
cell engineering. A large-scale comprehensive pull-down assay was performed using a His-tagged Escherichia coli
ORF clone library. Of 4339 bait proteins tested, partners were found for 2667, including 779 of unknown
function. Proteins copurifying with hexahistidine-tagged baits on a NiZ*-NTA column were identified by
MALDI-TOF MS (matrix-assisted laser desorption ionization time of flight mass spectrometry). An extended analysis
of these interacting networks by bioinformatics and experimentation should provide new insights and novel strategies
for E. coli systems biology.

[Supplemental material is available online at www.genome.org.]

Escherichia coli is one of the best characterized organisms and has
served as a model system to study many aspects of bacterial
physiology and genetics of fundamental and applied interest.
Among the 4339 predicted ORFs including previous prediction
(Riley et al. 2006) in E. coli, nearly 50% are experimentally un-
characterized. In addition to functional analysis of individual
ORFs, systematic analyses of relationships between constituent
elements, such as gene regulatory networks, protein—-protein in-
teractions (PPIs), and metabolic networks, have only recently be-
come feasible.

To date, comprehensive PPI studies have been based on the
yeast two-hybrid system that detects binary interactions through
activation of reporter gene expression (Fields and Song 1989;
Uetz et al. 2000; Ito et al. 2001), and pull-down assays that detect
large complexes by copurification of prey proteins through their
interactions with bait proteins (Gavin et al. 2002; Ho et al. 2002)
or protein chips (Zhu et al. 2001). In E. coli, a large-scale protein
interaction network was recently carried out by pull-down assay
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using TAP-tagged bait proteins (Butland et al. 2005). We have
already described a comprehensive E. coli ORF library (the ASKA
library) as a new resource for E. coli biology (Kitagawa et al. 2005).
Here, we report the use of this resource in a systematic analysis
of PPIs using pull-down assays. With the advent of matrix-
assisted laser desorption ionization time of flight (MALDI-TOF)
mass spectrometry methods, it is feasible to identify PPIs on a
proteome-wide scale.

We have carried out a large-scale identification of protein—
protein interactions to gain further understanding of the E. coli
model cell at the system level. Because E. coli is one of the best
studied organisms, it should also be an excellent target for sys-
tems biology (Kitano 2002) and synthetic biology fields (Silver
and Way 2004) approaches.

Results and Discussion

To purify protein—protein interaction partners or protein com-
plexes of E. coli systematically, we developed the strategy de-
picted in Figure 1. Each His-tagged ORF clone (Kitagawa et al.
2005) was transformed into wild-type E. coli K-12 W3110. Trans-
formants were grown to the early log phase (ODgg, = 0.3), and
bait protein expression was induced by adding 0.1 mM IPTG.
After 2 h, proteins from mildly sonicated cells were purified on a
Ni?*-NTA as described in the Methods section. Protein com-
plexes were separated by SDS-PAGE gradient gel electrophoresis;
individual protein bands were visualized by Coomassie Brilliant
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Figure 1. Schematic representation of the sequential steps used for the
purification and identification of PPIs (see Methods for details).

Blue, digested by trypsin in gel slice, analyzed by MALDI-TOF
MS, and identified by the PS1 identification program.

Of 4339 His-tagged bait proteins, 2667 proteins were suc-
cessfully overproduced and purified. Of these, 2337 bait proteins
copurified with an associated partner protein(s) and 330 bait
proteins purified without any partners (Fig. 2B; Supplemental
Table 2). The remaining 1568 bait proteins failed to be over-
produced or purified (Fig. 2B; Supplemental Table 3). Of these,
928 were predicted to be membrane protein by SOSUI software
(http://sosui.proteome.bio.tuat.ac.jp/sosuiframe0.html); the re-
maining 640 are cytosolic proteins. Some of the latter may show
toxicity or aggregation when overproduced. In addition, 104 His-
tagged bait proteins failed to be identified by mass spectrometry
when overproduced as bait proteins and were removed from fur-
ther analysis (Supplemental Table 9). In the end, 16,050 inter-
acting partners were identified for the 2667 bait proteins exam-
ined in our experiments.

To reduce identification of false positive interaction, we first
carefully performed control experiments (n=16) with exactly
the same procedure described above, except by using the
pCA24N vector to identify proteins with an intrinsic affinity for
the Ni?*-NTA resin. Several proteins (TreC, GImS, TufA, TufB,
KatE, CstC, HisB, Crp, PykF, RpIM) were frequently found (in at
least 10 of 16 experiments) to be purified without any bait pro-
tein (Supplemental Table 5). In addition, 1906 (1895 plus 11 in
Fig. 2A) interactions that identified these proteins as prey were
discarded from further analysis.

We also identified 2644 (2633, self-identification, plus 11 in
Fig. 2A) protein bands in SDS-PAGE gels that were identical to the
His-tagged bait proteins. Whether these represented their endog-
enous gene products, as would be indicative of multimeric pro-
teins or degradation products of His-tagged proteins, could not
be distinguished. In total, we identified 11,511 protein partners
in heterologous protein complexes in our analysis (Fig. 2; Supple-
mental Table 1).

To assess the quality of our results, we compared our data
with the DIP database, catalogs of experimentally identified in-
teraction between proteins (Xenarios et al. 2000). There are 447
PPIs in the DIP database with gene names for E. coli K-12. The bait
proteins in our experiment matched one or both of 372-protein
pairs in the DIP database. Of these, we succesfully detected 58

PPIs (15.6%) in our screening. In a different study, 101 of 447
PPIs (22.6%) were detected using matrix approach (Bader and
Hogue 2002).

Recently, data for more than 5000 E. coli PPIs were reported
by a large-scale pull-down analysis using TAP- or SPA-tagged bait
protein expressed from the chromosome under control of the
native promoter (Butland et al. 2005). Their strategy kept cellular
stoichiometrics of target proteins; however, 2-4-L cultures were
required as starting material to overcome sensitivity problems.
We used an overproduction system with multicopy plasmid
clones to focus on the identification of potential interactors. Our
system, therefore, lost stoichiometry between bait and prey pro-
teins but avoided sensitivity problems. Other differences are the
position and size of tag fragments, larger TAP or SPA tags at C
terminus versus smaller His tag at N terminus for our study. A
total of 521 bait proteins were used in common; these detected
1168 prey proteins by the TAP/SPA system (Butland et al. 2005)
and 995 prey proteins in our study, consisting of 5030 and 3088
interactions, respectively. Among these, 218 (4% or 7% inter-

A 16,050 putative complex identified

11,511

>9observed - gqf igentification
in control exp '

1,895 2,633

B Success to be purified

Number of putative complex observed

Total: 11,511

No interaction observed
330 orfs

cytosol (cyt): 298
membrane (mem): 32

Fail to be purified

Figure 2. Statistics of putative protein—protein interaction in E. coli.
(A) The top number represents the total protein—protein interaction iden-
tified in this study. Of the total interactions, the small left circle (pale
green) represents the number of interactions with proteins that may have
affinity to Ni**-NTA resin based on our control experiments. The right
circle (pale red) shows the number of prey proteins identified as the same
protein as histidine-tagged bait protein, which include 11,511 for further
analyses. Other 4539 interactions were excluded because their protein
assignment was ambiguous. (B) Left: The green region represents the
number of cytosolic bait proteins successfully purified. The pink region
represents the number of purified bait proteins that had no protein—
protein interaction partner. The gray region shows the bait proteins that
we failed to purify. Hatched regions represent the baits predicted or
known as membrane proteins. Right: Numbers represent the putative PPIs
observed.
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Figure 3. Topological properties of protein-protein interaction net-
work. (A) The frequency of all interacting partner proteins. x-axis repre-
sents the number of protein partners and y-axis represents the frequency.
Experimental results and random generation of protein pairs having the
same numbers of interactions are plotted. (B) The comparison of the
frequency of interacting partner proteins between essential and non-
essential gene products.

actions are in common. In spite of the different strategies, this over-
lap is similar to the comparison of the large-scale PPIs in yeast
(Ito et al. 2002) and of value to apply for further biochemical and
physiological analyses based on the result of both E. coli studies.
We also evaluated our results using overall topological prop-
erties. Although over one-half of the bait proteins had five or
fewer interacting partners, some proteins, notably GroL and
NadE, had hundreds. The frequency follows a power law, i.e.,
~k~ 223, where k is the number of interacting partners (Fig. 3A).
The emergent property of this interaction network is that the
average distance of protein pairs in the network will be short and
will not be greatly influenced by random deletion of proteins,
reflecting how the network evolved (Barabasi and Albert 1999).
To evaluate statistically, we constructed a random network hav-
ing the same number of edges as randomly choosing pairs of
proteins from our result. The distribution was quite different

from our observation (Fig. 3A); however, creating a random net-
work by randomly shuffling bait proteins and subsequently prey
proteins revealed similar topological properties (data not shown).

We recently identified 303 essential gene candidates in
E. coli as genes that we were unable to delete from the chromo-
some (Baba et al. 2006). Using this information, we compared the
number of interacting partners for essential and nonessential
genes (Fig. 3B); we found that the connectivity is significantly
higher for essential genes (17.8 in average) than for nonessential
genes (6.7). This property is consistent with the observation in
S. cerevisiae (Yu et al. 2004).

These results provide further support that the network of
protein interactions identified in this study is sufficiently reliable
and worthwhile to apply for further investigation of a global
protein—protein interaction map in E. coli.

High-throughput protein-protein interaction screening in-
creases the chance of identifying artificial partners that physi-
cally interact but that are not in close proximity in the cell,
because they are in distinct subcellular locations or expressed at
times. To reduce the number of false positives and to aid in ex-
tracting the substantial meaningful interactions, we classified inter-
acting proteins by biological function according to the KEGG path-
way database (http://www.genome.ad.jp/kegg/pathway.html;
Kanehisa et al. 2002). Proteins were first classified into KEGG
functional categories and interactions of proteins belonging to
the same pathway were then analyzed by a single-linkage clus-
tering algorithm as a way to find functional units (Fig. 4). In this
way, we identified 107 functional units involved in metabolic
pathways, transcriptional and translational machinery, recombi-
nation, ABC transport, or flagella assembly (Supplemental Table
6). To characterize the interaction of proteins not classitied into
KEGG pathway, we identified proteins that interact with at least
two proteins belonging to the same pathway and defined these
groups as functional components (Fig. 4). Sixty functional com-
ponents, consisting of three or four proteins each, were identi-
fied. Of these, 42 components are involved in different metabolic
pathways, 17 in RNA synthesis, and one in recombination
(Supplemental Table 6). Therefore, protein—protein interactions
in E. coli metabolic pathways were analyzed with respect to being
in a functional unit.

Functional component

Functional unit

Pathway A

Figure 4. Schematic diagram for extracting protein—protein interaction
pairs using KEGG pathway clusters. ORFs were clustered using KEGG
database and encircled as Pathway A and B. Protein—protein inter-
actions within the same cluster may be more plausible than those be-
tween different clusters and are defined as belonging to a functional unit.
Proteins with an unknown function or proteins outside of a certain cluster
that shows more than two independent interactions with proteins in the
same cluster may also be plausible and were defined as functional com-
ponents as encircled and marked by arrows. Node and arc represent
protein and interaction, respectively.

Pathway B
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Pyruvate dehydrogenase (PDH) is an enzyme complex for
conversion of pyruvate to acetyl coenzyme A that funnels glyco-
lytic carbon into the citric acid cycle. PDH is comprised of pyru-
vate dehydrogenase (E1P), lipoate acetyltransferase (E2P), and
lipoamide dehydrogenase (E3) encoded by aceE, aceF, and IpdA,
respectively (Quail et al. 1994). We identified a novel interaction
of PDH with PdhR (Supplemental Table 6), which is a metabolite
responsive repressor of the pdhR-aceE—aceF-IpdA operon. These
data suggest that PdhR may function as a sensor of the enzymatic
activity or cellular concentration of PDH.

The tricarboxylic acid (TCA) cycle is responsible for the oxi-
dation of acetyl coenzyme A (CoA), which is derived mainly from
pyruvate produced by glycolysis. We have identified the SucA-
SucB complex that forms 2-ketoglutarate dehydrogenase and the
succinate thiokinase complex (SucC-SucD; Buck et al. 1985). We
detected an interaction between SucB and SucC in addition to
the interactions of SucA-SucB and SucC-SucD, suggesting that a
SucA-SucB-SucC-SucD complex may exist. The biological impor-
tance of such large complexes is unknown. In the TCA cycle,
SucA-SucB and SucC-SucD catalyze separate reactions in a path-
way; the interaction of SucA-SucB and SucC-SucD in a large com-
plex may be important to prevent release of substrate from one
reaction for the subsequent step.

We also identified a SucC-SdhA (succinate dehydrogenase)
interaction, suggestive of formation of a SdhA-SucCD or SdhA-
SucABCD complex, for mediating conversion of 2-ketoglutarate
to fumarate in the TCA cycle. E. coli has three distinct fumarases
encoded by fumA, fumB, and fumC (Bell et al. 1989; Guest 1992;
Guest and Russell 1992). FumA and FumB are 90% identical and
belong to a novel class of fumarases that are dimeric, oxygen-
labile, iron-sulfur proteins; our analysis identified the FumA-
FumB interaction (Supplemental Table 6).

RNA polymerase (RNAP) is a multi-subunit complex for
transcription, consisting of «, § and B’ core subunits and one of
several o factors for promoter selection. Our analysis identified
many known interactions, including all ¢ factors except 3%,
which regulates most of the genes in stationary phase, NusA,
NusG, and Rho, enhancing of RNAP pausing (Lau et al. 1983;
Sigmund and Morgan 1988) and Rho-dependent termination
(Nehrke et al. 1993; Kainz and Gourse 1998). Network structure
was drawn using Cytoscape 2.1 (http://www.cytoscape.org/) in
Figure 5. Additionally, we identified several novel interactions
including RNAP with RhlE, a putative ATP-dependent RNA heli-
case, and RNAP with VacB, a 3'- 5' exoribonuclease (Fig. SA).
Earlier reports suggest that RhlIE (Li et al. 1998) and VacB (Cheng
et al. 1998) are important for RNA maturation. E. coli cold shock
protein CspA, a homolog of eukaryotic Y-box DNA-binding pro-
teins (Wolffe 1994; Sommerville and Ladomery 1996; Yamanaka et
al. 1998) that binds strongly to the 110-bp segment of the hns pro-
moter in the presence of RNAP (Brandi et al. 1994), was also iden-
tified in interaction with RpoB and RpoC (Fig. 5A), suggesting in-
volvement in the formation of an open complex with RNAP. These
data suggest that CspA may act as a transcriptional modulator.

Yet, we failed to identify interactions between RNAP and
transcriptional factors, possibly due to their presence in low con-
centration of transient interactions with RNAP, or high affinity
to target DNA. We did observe interactions between some chap-
erones (DnakK, ClpB, Tig) and RNAP (Supplemental Table 1). The
DnaK (Hsp70) chaperone molecule has been reported to assist
the proper folding and assembly of RNAP (Kimura and Ishihama
1996). Our data suggest that not only DnaK but also other chaper-
ones (like ClpB and Tig) may assist the assembly of RNAP as well.

We constructed a global chaperone network based on our
protein—protein interaction data showing the target specificities
of the chaperones (Fig. 5B; Supplemental Table 7). Chaperones,
such as DnaK, GroL, and Trigger Factor (Tig), are required for
folding of newly synthesized polypeptides (Deuerling et al.
2003). We identified interactions of 776 ORFs with GroL. The
molecular weights of most GroL (HSP60) substrates range from
20 to 80 kDa (data not shown), in agreement with earlier results
(Houry et al. 1999). Furthermore, 310 DnaK (HSP70) substrates
and 40 Tig substrates were identified. The functional relationship
between these chaperone systems and the overlap of DnaK, GroL,
and Tig is only partially understood; 92 proteins appear to be
substrates of both DnaK and GroL. These proteins may require
both systems for folding, degradation, or translocation. Interest-
ingly, only six proteins were identified as overlapping targets of
DnaK and Tig, in contrast to earlier observations (Deuerling et al.
2003). This inconsistency may be due to the use of different
strains; nine proteins were identified as common substrates for
Tig and GroL. These data suggest that Tig shares overlapping
protein substrates or sequential process with other chaperones
under normal growth conditions.

ClpB is unique among the Hsp100 family proteins of E. coli;
ClpB cooperates with DnaK in the solubilization and refolding of
unfolded proteins (Glover and Lindquist 1998; Goloubinoff et al.
1999; Mogk et al. 1999; Motohashi et al. 1999; Zolkiewski 1999).
Of 43 candidate ClpB substrates, 11 proteins also interact with
DnaK and 13 with GroL, suggesting that ClpB cooperates with
DnaK/GroL (data not shown). YbdQ is an experimentally un-
characterized protein; however, it is a homolog of the universal
stress protein UspA in E. coli and is induced following tempera-
ture shift (30°C-42°C; data not shown). We identified 83 target
proteins of YbdQ, which mostly overlap with DnakK, DnaJ, and
GroL. Our identification of multiple overlapping targets provides
further insight into the process of protein folding by chaperones.

Prokaryotic genes are often organized into operons, clusters
of genes that are transcribed together from the same mRNA. We
estimated 653 transcriptional units based on correlation of ex-
pression profiles between genes (H. Maeno and S. Kanaya, un-
publ.), which is consistent with the estimated total of 630-700
operons in E. coli (Salgado et al. 2000). The interaction between
proteins encoded by the same operon was analyzed and interac-
tions in 52 operons were identified (Supplemental Table 8).

A total of 798 proteins of unknown function were identified
as prey. First of all, these data provide evidence that these pro-
teins are synthesized in a cell (Supplemental Table 4). To further
characterize interaction of these prey proteins, we carried out
domain analysis of frequently identified proteins (data not
shown). As mentioned above, we observed that YbdQ contains
the conserved domain of universal stress protein (UspA). YciH
and YcgE contain the conserved domain of translational initia-
tion factor (COG0023, PF01253) and helix turn helix (COG0789,
PF00376) domains, respectively (http://www.ncbi.nlm.nih.gov/
COG/old/xognitor.html, http://www.sanger.ac.uk/Software/
Pfam/search.shtml). Hence, our data offer insight into the func-
tional prediction of uncharacterized proteins.

In summary, our data from pull-down assay using His-
tagged bait proteins represent a global protein—protein interaction
map in an E. coli cell and provide a framework for an understand-
ing of cellular systems. The functions of most of these complexes
are not known; however, much work over the next few years will
expand our knowledge of PPIs and help to analyze the structure and
function of protein complexes qualitatively and quantitatively.
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A Methods
RpoA

EbgC HepA RplO Purification of the bait protein

Bk TWbE RpsD E. coli K-12 W3110 cells producing histi-

Fur  Pta RpsE X X R

GreA RplF YphC dine-tagged bait proteins were grown at
37°Cin 5 mL LB containing Cm (50 pg/
mL) medium to ODggy, = 0.3. Samples

::’IA’Z";; RpoB were taken 2 h after the addition of 0.1
) R:°H Cadhy Gove YddE mM IPTG. The cells were collected by

DppF HscC  YicP
ElbB MalP YshA
FadE PpiB

centrifugation (10,000 rpm, 3 min, 4°C)
and resuspended in 400 pL of cold buffer
I (50 mM Sodium phosphate [pH 7.0],
200 mM NacCl, Proteinase inhibitor
[Roche]). All manipulations were done
at 4°C. Crude cell extracts were obtained
by sonication (5 X S sec, level 3, Astra-
son ultrasonic processor) and centrifuga-

RpoC NusG RpoN
AspS HtpG SelD RplB YegD
AstD VA  SpeA o A
Citx Lon Usg ®
CIpB LpxD YagS [ 3
DnakK MetH Ybbo @
DnaX PriA  YcgE T
FadA RhsD YdfE ¥

FecA RpsA YecA RpoB & C % .

Ftsk Rsd YmiG CspA RhIE Weak \ " 0. & tion (16,000 rpm, 15 min). Cell extracts
CopE RIUC Ybd@ were loaded onto a 30-uL Nickel (Ni%*)-
Dam Rnr  YbeD 3\;5\ ' column (prepared according to manu-
FabA RpoE YfF L

facturer’s instructions [Qiagen] and
equilibrated with buffer I), washed three
times with 1 mL of buffer 2 (20 mM im-
idazole and 0.05% n-octyl-B-glucoside
[PIERCE]), and proteins were eluted with
buffer 3 (50 mM Tris-HCI [pH 6.8], 2%
SDS, 0.1% bromophenol blue, 10% glyc-
erol, 100 mM DTT, 6 M Urea and 250
mM imidazole). Eluted proteins were
analyzed by 7.5 ~15% gradient SDS-
PAGE (Bio Craft) followed by Coomassie
Brilliant Blue (CBB-R250) staining. Elec-
trophoresis was done at 20 mA current
for 3 h by model BE-222 (Bio Craft).

FkpB SdhA YpdH
NusA Smg
PyrG Tig

Identification of prey proteins

Protein bands were excised as ~1-mm?
pieces with a razor blade and transferred
into buffer 3 (0.4 M ammonium carbon-
ate and 50% acetonitrile). The gel was
washed with Milli-Q water briefly and
two times with 100 pL washing buffer
(50% acetonitrile, 0.2 M ammonium hy-
drogen carbonate). After shrinking with
100% acetonitrile, the gel pieces were di-
gested overnight at 37°C with the prote-
ase Trypsin (Sigma) (65 pL, 0.003 pg/pL,
10 mM HCI) in the reaction buffer (0.2
M ammonium bicarbonate). The result-
ing tryptic peptides were extracted from
the gel with the elution buffer (50% ace-
tonitrile, 0.3% trifluoroacetic acid) and
desalted with ZipTip,cis (Millipore).
Less than 1uL of the sample was spotted
to the sample plate of mass spectrometry
(Voyager DE-PRO, Applied Biosystems)
with matrix solution a-cyano-4-hydroxy
cinnamic acid (a-CHCA) (<5 mg/mL, 50%
acetonitrile, 0.3% trifluoroacetic acid).
Bait and prey proteins were identified by
Data Explorer and/or Proteomics solu-
tion 1 (PS1) (Applied Biosystems). ORF

Figure 5. Subgraph of protein—protein interactions. (A) RNAP interacting protein network. Networks
of proteins that interact directly (blue nodes) with each of the RNAP subunits, RpoA, RpoB, and RpoC Y D
(red nodes). (B) Molecular chaperone and their target network properties. Red nodes represent major ~ database used for protein identification
chaperone proteins and blue nodes represent their targets. The largest cluster shows the GrolL inter- by PS1 was constructed by ourselves
action network and the second largest one shows the network of DnaK. (GenoBase, http://ecoli.aist-nara.ac.jp).
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Comparison with published PPI data

To match our data with those from the use of the TAP/SPA sys-
tem (Butland et al. 2005), protein names were compared in b-
number, using values in Supplemental Table 1 and data provided
by the authors. First, our 2337 and their 648 baits were compared
to find 521 common baits; those interactions that do not result
from the common baits were then excluded. Interactions ex-
cluded from our data are identified in Supplemental Table 1. The
remaining 3088 and 5030 interactions from our and their experi-
ments with the common baits were used to find 218 common
interactions (Supplemental Table 1).
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